Abstract Current complication rates for adolescent scoliosis surgery necessitate the development of better surgical planning tools to improve outcomes. Here we present our approach to developing finite element models of the thoracolumbar spine for deformity surgery simulation, with patient-specific model anatomy based on low-dose preoperative computed tomography scans. In a first step towards defining patient-specific tissue properties, an initial 'benchmark' set of properties were used to simulate a clinically performed pre-operative spinal flexibility assessment, the fulcrum bending radiograph. Clinical data for ten patients were compared with the simulated results for this assessment and in cases where these data differed by more than 10%, soft tissue properties for the costo-vertebral joint (CVJt) were altered to achieve better agreement. Results from these analyses showed that changing the CVJt stiffness resulted in acceptable agreement between clinical and simulated flexibility in two of the six cases.
Introduction
Adolescent idiopathic scoliosis (AIS) is a complex threedimensional deformity of the spine characterised by abnormal lateral (side to side) spinal curvature and axial rotation of the spine and ribcage (Fig. 1) . AIS is the most common spinal deformity, affecting 1-3% of children aged 10-16 and accounting for more than 80% of idiopathic scoliosis cases [1, 28] . AIS requires surgical correction in progressive cases, and both anterior and posterior surgical approaches are used to correct progressive AIS using a range of implant configurations (Fig. 2) . Post-operative complications such as screw pullout or rod breakage can occur due to inappropriate choice of surgical levels, inadequate grafting, or application of excessive corrective force during the procedure (Fig. 3a, b) . The complex anatomy, inter-patient variability, and wide choice of possible implant configurations result in surgical complication rates of 20% or higher [12] , so there is a pressing need for patient-specific modelling tools which can help surgeons plan operations and optimise treatment outcomes in individual patients.
The ability of modern multi-slice computed tomography (CT) scanners to perform 3D bony imaging at sub-millimetre resolution and with lower radiation doses than previously achievable provides exciting opportunities for the development of patient-specific biomechanical models of the musculoskeletal system, to simulate orthopaedic surgical procedures before they are performed. However, the usefulness of patient-specific approaches depends not only on accurately modelling the spinal anatomy of a particular patient, but also on correctly prescribing mechanical properties for the spinal tissues. Voxel-based assignment of bone material properties based on CT greyscale values can be used for patient-specific bone property determination [5] , but soft tissue (disc and ligament) properties cannot be inferred from radiographic images. This leaves either (1) direct intra-operative measurement of soft tissue properties, or (2) indirect determination based on biomechanical modelling of pre-operative flexibility tests, as the two most promising current techniques for specifying soft tissue properties in spine surgery simulations.
Direct intra-operative tissue property measurement is highly challenging for two reasons. Firstly, there is the problem of access to ligamentous and disc structures during surgical approaches. Secondly, if the soft tissue properties are not measured until during the operation, there is too little time available for model generation and solution and use of the solution outcomes for planning and optimisation of surgical procedures is impractical.
For these reasons, this paper focuses on further developing techniques for indirect determination of soft tissue properties for modelling spinal deformity surgery based on existing clinically performed pre-operative flexibility tests. Pre-operative flexibility assessment is an important aspect of the surgical planning process and recently, the fulcrum bending radiographs [7] have been proposed as a means of measuring patient flexibility. The fulcrum bending radiograph provides a quantitative assessment of spinal flexibility for a relatively well-defined loading case, where muscle activation is likely to be minimal, so that the flexibility measured should closely represent the passive osseoligamentous response of the spine and ribcage under passive body weight loading. If the predicted fulcrum flexibility (FF) is determined from biomechanical models of the spine using a 'benchmark' set of soft tissue properties, this flexibility may be compared with the clinically measured fulcrum flexibility for a patient to determine the accuracy of the model predictions. However, in cases where the benchmark tissue properties do not provide a good match between predicted and clinical flexibility, the problem arises of how to adjust the benchmark values to determine more accurate patient-specific soft tissue properties.
The fulcrum flexibility is only a single number, and there are nine soft tissue structures connecting each pair of adjacent vertebrae [six ligaments, intervertebral disc, zygapophyseal joint cartilage, and the costo-vertebral joints (CVJts)], suggesting that the inverse problem may be statically indeterminate and therefore intractable. However, only a few of these tissues play a key structural role during normal spinal motions [9] . In a previous study, we modelled a single patient undergoing fulcrum bending to specifically explore the effect of intervertebral disc collagen fibre and ligament properties on fulcrum flexibility [17] . Separately reducing the collagen fibre stiffness and the non-linear ligament stiffnesses by as much as 40% demonstrated that the collagen fibre stiffness had a greater influence on the predicted fulcrum flexibility than the ligament stiffness, however, changes in either tissue stiffness did not produce a clinically measurable change in flexibility.
The soft tissue structure which was not investigated in our prior study [17] was the CVJts. These joints attach from the rib heads to the vertebral column, spanning both vertebral levels and the adjacent intervertebral disc. In a successive dissection study, Oda et al. [24] found that removal of the CVJt significantly increased the flexibility of thoracic motion segments in lateral bending, suggesting that they play a potentially important role in governing the fulcrum flexibility in scoliosis patients.
Herein, we summarise our work to date in developing techniques for generating patient-specific computer models of the thoracolumbar spine, and present new patient-specific FE simulations of the pre-operative spinal flexibility test for a group of AIS patients. As a first step towards indirect determination of patient-specific soft tissue properties, this paper presents a material property sensitivity study exploring the effect of CVJt stiffness (a key spinal soft tissue structure) on fulcrum bending flexibility in a group of AIS patients.
Methods

Approach to modelling
Due to the extent of the thoracic deformity in AIS, biomechanical computer models of spinal deformity surgery must include the entire thoracolumbar spine and ribcage. Several such models have been previously developed by other authors who have shown the potential of computational models to assist in determining optimal surgical strategies for deformity correction [2, 10] . However, due to the complexity of the spine and ribcage, the models to date have been either rigid body (mass and spring) kinematic models, or simplified (elastic beam) finite element (FE) models, in which the entire intervertebral motion segment is represented by a single stiffness [2, 10] . In reality, adjacent vertebrae are connected by an intervertebral disc, anterior and posterior longitudinal ligaments; inter-transverse, inter and supra-spinous, and capsular ligaments; as well as the zygapophyseal joints. The ribcage is connected to the vertebral column through CVJts which also play a major role in determining spinal stiffness [24, 25] . Each of these individual soft tissue structures has the potential to alter the biomechanics of the spine-either directly due to the surgical procedure (e.g. intervertebral disc removal prior to fusion), or by altered loading after surgery (e.g. loss of correction after scoliosis surgery due to excessive loading on the soft tissues above the upper instrumented vertebral motion segment). For this reason, our approach is to develop more anatomically detailed FE models of scoliosis patients, for patient-specific prediction of the loading and deformation on individual spinal structures (vertebrae, ribs, discs, and ligaments) during and after surgery.
Patient-specific model geometry
Our method for deriving patient-specific FE model geometry from pre-operative CT scan data has been previously described [17, 19] . Briefly, the three-dimensional low-dose (2.0-3.7 mSv) CT scan data set for a particular patient is imported into a custom-developed image processing program (Matlab R2007b, The Mathworks, Natick, MA) where the osseous anatomy is thresholded and the key bony landmarks manually selected by the user. Landmarks describing the vertebra (34 points), the sternum/manubrium (6 points) and the ribs (9-12 points per rib) are defined and saved as three-dimensional co-ordinate points. These landmarks are then imported to a custom FE pre-processing tool (Python 2.5) which generates a parametric FE model of the osseoligamentous thoracolumbar spine, including vertebrae, ribs, sternum, intervertebral discs, zygapophyseal joints, and ligaments (Fig. 4) . The parametric description for the transverse endplate profiles are elliptic and cubic segments with C 1 continuity [20] and the concave profile of the vertebrae in the transverse plane is represented using second-order polynomial functions with the intervertebral disc profile interpolated between the profiles of the adjacent vertebral endplates. The ribs are defined using fifth-order polynomials. Seven spinal ligaments are simulated at each vertebral level, and these are modelled as either linear connections, or in the case of the anterior and posterior longitudinal ligaments, as a group of spring elements in series and parallel. The intervertebral discs are modelled as a hyperelastic annulus fibrosus consisting of discrete lamellar layers with embedded collagen fibres, surrounding an incompressible fluid-like hydrostatic nucleus pulposus. The CVJts are simulated in detail using 'clusters' of beam elements which connect the medial rib to three attachment sites, on the postero-lateral vertebral cortices of both adjacent vertebrae and on the lateral surface of the intervertebral disc (Fig. 5) .
In previous studies, we have generated a patient-specific model for a single scoliosis patient [16, 17] . In this study, we use the approach outlined above to generate models for a group of ten AIS patients. The patients to be modelled were randomly selected from a larger cohort of scoliosis patients who underwent anterior thoracoscopic scoliosis surgery at the Mater Hospital in Brisbane, Australia between 2000 and 2009. The patient group had a mean preoperative Cobb angle of 49.9°(range 40-60°) ( Table 1) and all patients had a thoracic major curve (Lenke Type 1).
2.3 Simulating pre-operative flexibility assessment using the fulcrum bending radiograph
Having generated FE models with patient-specific anatomy, ideally patient-specific soft tissue properties should be assigned for the intervertebral discs, ligaments and CVJts. As a first step towards determining these, in this study, we simulate a clinically performed pre-operative spinal flexibility test known as the fulcrum bending radiograph [7] . In the fulcrum bending radiograph (Fig. 6 ), the patient lays laterally over a cylindrical bolster, such that the convex (protruding) side of their spinal curve is adjacent to the bolster surface. The patient's body weight pushes the ribcage against the bolster, which results in a partial correction of the deformity. A planar radiograph is taken with the patient in this position, and the radiograph can be used to measure the degree of correction which was obtained over the bolster relative to a relaxed standing position, providing a quantitative measure of spinal flexibility (Fig. 7) . The advantage of the fulcrum bending radiograph over more traditional active side bending radiographs is that lying over the fulcrum provides a passive correction, which is driven by body weight rather than muscle activation.
To simulate this flexibility assessment, patient-specific CT-derived segmental torso weights for each vertebral level were determined using custom-developed software (Matlab 2007b) . This software automatically located the transverse CT slices which corresponded to the mid-vertebral body level for each vertebra in the thoracolumbar spine. Following this, the user performed soft tissue thresholding on each transverse slice to define the volume of the torso segment at each transverse spinal level. Note that thresholding is easily performed as there is high CT contrast between the torso tissues and the surrounding air. The software automatically calculated the centroid of this region and the representative segmental torso weight was applied at this co-ordinate location. A tissue density of 1.04 9 10 -3 g mm -3 was used to convert the segmental volumes (transverse torso area 9 axial distance between adjacent vertebral bodies at mid-vertebrae height) representing each spinal level to a gravitational force and this density was the average of the tissue densities presented by Bjornstrup [3] and Erdmann [11] for the body segments including the head and the upper, middle and lower torso. In addition, load ) for a single thoracic motion segment. These joints are simulated in detail using 'clusters' of beam elements which connect the medial rib to the lateral intervertebral disc and the postero-lateral cortices of the adjacent vertebrae vectors simulating the weight of the full left arm and the upper portion of the right arm were applied at the T1 centroid and a load vector representing the weight of the head/ neck was simulated as a point load superior to the T1 vertebra [11] (Fig. 8) . These weights were calculated using data from Erdmann [11] , with the full left arm representing 6% body weight, the upper portion of the right arm representing 3% of body weight and the head/neck representing 8% body weight. We note that these data from Erdmann [11] were based on the adult, male population, however, they were used in this study due to limited data for the adolescent population. The bolster was modelled as a rigid This subset of patients were selected to represent the range of spinal flexibilities and curve severity in our larger patient series a Age at surgery. Two patients in the group were diagnosed with AIS but did not undergo surgery until their 20s b Clinically measured Cobb angle from plane radiographs An initial series of 'benchmark' tissue mechanical properties were assigned to each patient. Due to the paucity of available literature on spine tissue mechanical properties in paediatric subjects, the properties were largely based on existing studies from adult patients. The benchmark property set has been previously published [16] , and is given in Table 2 , which also provides details of the element types used in the FE models. Previous unpublished investigations by our group analysed a single motion segment with pure moment loading and demonstrated that the model results for a range of motion show little (\10%) variation with tenfold increases in mesh density. All FE analyses were performed on a HP xw660 workstation (Intel Xeon 5420, 4GB RAM) using Abaqus/Standard 6.7.1 (Simulia Inc, RI, USA). Solution procedures were quasi-static with nonlinear (finite strain) geometry capability enabled. Intervertebral disc collagen fibres 3D, tension-only link (embedded rebar)
Linear elastic: E = 500 MPa; m = 0.3 [13] Intervertebral disc nucleus pulposus Ligaments Ligamentum flava, supra-/interspinous, capsular, intertransverse 3D, 2-node, tension-only connectors Piecewise, non-linear elastic [6, 23] Anterior/posterior longitudinal ligament 3D, 2-node spring Piecewise, non-linear elastic [23] scoliotic spinal deformities. The Cobb angle is defined as the included angle between maximally tilted endplates when viewing a planar projection of the scoliotic curve, and is shown in Fig. 7 . The fulcrum flexibility is defined as the percentage reduction in Cobb angle between the standing and fulcrum bending radiographs, so that;
FF ¼ ðstanding Cobb À fulcrum CobbÞ=ðstanding CobbÞ Â 100
For example, the patient shown in Fig. 7 with a 55°s tanding Cobb angle which reduces to 20°over the fulcrum would have a fulcrum flexibility of (55-20)/(55) 9 100 = 64%. Clinically, patients with FF \50% are described as 'stiff', while FF [50% denotes a 'flexible' patient.
Having generated and solved the patient-specific FE models for each of the ten patients in the group, the predicted fulcrum Cobb angle and the clinical standing Cobb angle were used to derive the predicted FF for comparison with the clinically measured values shown in Table 1 . Based on the clinical assessment of fulcrum flexibility, five of the patients were 'flexible' (FF[50%) and the other five 'stiff' (FF B50%) ( Table 1 ). The mean FF for the group was 51% (range 36-74%).
The predicted fulcrum Cobb angle was determined once the segmental body weights were applied to the model and the modelled spine was positioned over the simulated bolster. The predicted Cobb angle was determined using the inclination (in the coronal plane) of the endplates at the cephalic and caudal limits (as defined clinically) of the scoliosis deformity. For the deformed model, the endplate inclination in the coronal plane was calculated as the sum of the initial endplate inclination in the unloaded spine (the angle of intersection of the endplate plane with the coronal plane) and the predicted vertebral rotation for each vertebra in the coronal plane.
When comparing predicted and clinically measured Cobb angles, discrepancies in Cobb angle B5°are considered acceptable since it has been widely reported that inter and intra-observer measurement variability for clinical measurement of Cobb angles is in the order of 5° [26] . This does not imply that the model results cannot be resolved more finely than 5°, nor that the model is not sensitive to changes of \5°. Rather, this comparison range is necessitated by the measurement variability in the radiographs.
Towards inverse determination of soft tissue
properties: a sensitivity study of the effect of CVJt stiffness on fulcrum flexibility
In the current study, we investigated the sensitivity of predicted fulcrum flexibility to CVJt stiffness by either reducing or increasing CVJt stiffness in the FE model for patients where the benchmark soft tissue properties did not provide a good match between predicted and clinical flexibility. Specifically, in cases where the clinical and predicted fulcrum flexibility differed by more than 10%, we doubled (100% increase) CVJt stiffness if the predicted flexibility had been too high, and reduced CVJt stiffness by 99% if the benchmark predicted fulcrum flexibility was too low compared to the clinical value. The 99% reduction in CVJt stiffness was intended to gauge the maximum possible effect of reducing CVJt stiffness on predicted fulcrum flexibility, by effectively removing the CVJt stiffness from the simulation. Similarly, the 100% increase in CVJt stiffness was intended to gauge the effect of a relatively large increase in stiffness on fulcrum flexibility. Following these changes to CVJt stiffness, the new predicted fulcrum flexibility values were compared with the clinical flexibility measurements. The Pearson correlation coefficient with a 5% significance level was used to determine whether the clinically measured Cobb angle (which is representative of the degree of spinal deformity) or fulcrum flexibility percentage (which is indicative of the patient's overall spinal stiffness or laxity) influenced the agreement between the clinically measured flexibility and the predicted value. Figure 9 shows a comparison of the predicted and clinically measured fulcrum flexibility for each patient in the group, arranged in ascending order of clinical fulcrum flexibility. In cases where the CVJt stiffness was altered, the predicted FF is shown for both benchmark tissue properties and for the simulations with altered CVJt stiffness.
Results
For six out of the ten patients, the predicted fulcrum flexibility using benchmark soft tissue properties did not match the clinical flexibility ( above the bars in Fig. 9 ). For four of these patients, the predicted FF was more than 10% lower (stiffer) than the clinical value, in the other two cases the predicted FF was more than 10% higher (more flexible) than the clinical value. Re-running these simulations according to the criteria given in Sect. 2.5 brought two of the six cases within 10% agreement of the clinical fulcrum flexibility, however, the other four cases still had [10% discrepancy between predicted and clinical flexibility. For the six patients with a predicted FF which did not match the clinical flexibility, the predicted FF with altered CVJt stiffness was compared with the predicted FF for the benchmark tissue properties. This comparison showed a 6.3 and 6.6% decrease in FF with increased CVJt stiffness and a 10.2-29.0% increase in FF for patients with decreased CVJt stiffness (Table 3 ).
There was no statistically significant correlation between either the fulcrum flexibility or the clinically measured Cobb angle and the agreement between predicted and clinical results.
Discussion
Spinal deformity surgery is arguably the most complex orthopaedic procedure, involving extensive soft tissue dissection prior to spinal fusion, and the attachment of implants spanning multiple spinal levels. The complexity of the procedures and the high degree of variability between patients mean that complication rates are high, around 20% in paediatric scoliosis surgery and even higher in elderly patients with poor bone quality [29] . Therefore, the development of biomechanically based surgical planning tools which can predict spinal response to deformity surgery is critically important. Low-dose CT scans using modern multi-slice scanners allows pre-operative imaging with lower radiation dose than has been previously possible, opening new possibilities for patient-specific biomechanical modelling of scoliosis surgery. However, methods for pre-operative determination of soft tissue properties are essential to the success of patient-specific modelling approaches, and were the subject of this study. Here we use an anatomically detailed spine and ribcage finite element model, to carry out a material sensitivity study, specifically investigating the influence of the CVJts on spinal stiffness. In this paper, we investigated the effect of CVJt stiffness on fulcrum flexibility for a group of ten AIS patients with a major thoracic curve. The results obtained suggest that, although large changes (99% reduction or 100% increase) in CVJt stiffness can have an appreciable effect on fulcrum flexibility, for four out of the six patients in which CVJt stiffness was altered, the magnitude of the effect was not sufficient to improve the disparity between the clinically measured and predicted fulcrum flexibility values for these patients. We believe that the large (-99 and ?100%) changes in cost-vertebral joint stiffness used in this sensitivity study were justified in light of the absence of any previous quantitative data on the effect of CVJt stiffness on spinal flexibility. Moreover, the results for this initial group of patients suggest that the ability of the model to predict the clinical response of the patient's spine is not systematically dependant on either the flexibility of the patient's spine or on the severity of scoliosis deformity.
Several previous researchers have highlighted the importance of the ribcage, sternum and rib-vertebrae connections in governing the biomechanics of the thoracic spine [4, 24, 27] . Watkins et al. [27] found a 55% increase in lateral bending stiffness with removal of the ribcage; Brasiliense et al. [4] showed that after gradual destabilization/removal of the ribcage in an anterior-to-posterior direction, it was not until 75% of the ribs for the four thoracic segments were removed that there was a significant increase in lateral bending range of motion; and finally, Oda et al. [24] found a significant increase in range of motion for a thoracic single motion segment following serial destabilization of the joint (which included but was not exclusively, removal of the CVJts). While these studies have significantly improved our understanding of the contribution of the CVJt to spinal biomechanics, these studies were limited in providing insight into the adolescent, scoliotic spine because:
1. All these studies were conducted on adult cadaveric specimens without deformity; 2. The change in SMS or spinal stiffness was based on a comparison of joint range of motion for an in vitro (non-physiological) boundary constraint representing a moment applied at the upper and lower vertebrae rather than a clinically based measure of spinal stiffness/flexibility; and 3. Due to the complex interaction between the soft tissues and joints of the spine and ribcage, it was not possible to determine the isolated contribution of the CVJts to SMS/spine biomechanics.
Our investigations of the thoracic single motion segment [18] and specifically, the current study goes some way to gaining insight into the contribution of the CVJts to the biomechanics of the scoliotic spine. Our findings (shown in Table 3 ) have highlighted and re-affirmed the importance of the CVJts in influencing the biomechanics of the thoracolumbar spine (with increases/decreases in CVJt stiffness resulting in up to 29% change in predicted FF), however, these results also suggest that the CVJts are not the only spinal structure which governs flexibility of the scoliotic spine when laying over a cylindrical bolster.
Taken together, our previous studies and the current study suggest that there is no single individual soft tissue structure which can be inversely 'calibrated' to provide an overall match between predicted and clinically measured fulcrum flexibility. It is more likely that the overall stiff (FF \50%) or flexible (FF [50%) behaviour of a particular patient on the fulcrum is governed by the interaction of two or three key soft tissue structures, including the CVJts and the annulus fibrosus collagen fibres. In addition, it is possible that patient-specific variations in the stiffness of tissues not yet investigated using our spine models-such as the stiffness of the soft tissue connections between adjacent ribs and the degree of ossification of the ribs-may influence the clinically measured FF. If this is the case, then correctly determining the stiffness of these structures will require more detailed pre-operative data than a single scalar quantity (the fulcrum flexibility). One possible approach is to overlay the 2D coronal plane projections of the deformed spine (lying over the fulcrum) from the clinical radiograph, and the FE simulation, to provide a comparison of vertebral column shape along the length of the spine. Figure 10 shows an example of such a comparison based on two models from the current study, showing instances where spinal shape closely matches the fulcrum bending radiograph and where the simulated spine shape does not capture the clinically measured spinal deformation well. The mismatch in spinal shape could be used as an additional basis for adjustment of soft tissue properties. Another possible approach is to measure the force exerted on the fulcrum by the patient during a fulcrum bending test. During the test, if the prescribed protocol is followed, the patient's bodyweight is supported by (a) the fulcrum and (b) the hips/legs resting on the table (Fig. 5) . By measuring the force transmitted through the fulcrum and comparing the clinically measured force with the predicted fulcrum force (which is a readily available output from the FE models), an additional quantity for model adjustment is obtained. It may be that 'stiff' patients are distributing their body weight differently between these two contact regions, so that the fulcrum force is lower as a proportion of body weight in these patients than in 'flexible' patients. Because the fulcrum bending test has not been biomechanically characterised yet, this is unknown.
There are a number of other limitations with our patientspecific biomechanical modelling approach which may be relevant to the question of determining soft tissue properties. Firstly, the patient-specific FE model geometry is derived from low-dose pre-operative CT scans which are performed clinically. These scans typically have an in-plane pixel resolution of *0.6 mm and slice spacing of 1.0-1.25 mm. It is possible that this is not sufficient to accurately resolve the anatomy of the zygapophyseal joints, or the intervertebral disc space. Therefore, uncertainties in determining the patient-specific model geometry may be affecting simulated biomechanics as much as, or even more than, soft tissue mechanical properties. We are currently investigating the models' sensitivity to perturbations in patient-specific geometry to address this question. Secondly, the model predictions may be affected by characteristics of the finite element mesh (element type, mesh density), although unpublished investigations of mesh sensitivity in our models to date suggest that this effect is minimal.
In conclusion, this paper has presented the development of patient-specific biomechanical models of a group of ten scoliosis patients and provided a first step towards using the fulcrum flexibility to indirectly determine patient-specific soft tissue properties. These simulations demonstrated that a set of 'benchmark' soft tissue properties derived from existing literature provided satisfactory (\10% error) agreement between predicted and clinically measured fulcrum flexibility in a subset of patients. While changes in CVJt stiffness improved the disparity between the clinical and predicted fulcrum flexibility and demonstrated the importance of the CVJt in influencing the biomechanics of the thoracolumbar spine, the current study taken together with previous studies in our group suggest that fulcrum flexibility is not governed by an individual soft tissue structure. Rather, two or three of the structural soft tissues spanning the motion segment may resist the loading during a fulcrum bending test. Fig. 10 Example of overlaying the deformed vertebral column from the finite element simulation (dark outline) of fulcrum bending on top of the clinical radiograph for the same patient. The left image shows a qualitatively 'good' match of deformed spine shape between radiograph and simulation, the right image shows a 'poor' match
